Background: Expression and enzymatic activity of heme oxygenase (HO) has been implicated in the development, as well as in the resolution, of inflammatory conditions. Because inflammation is central to tissue repair, we investigated the presence and potential functions of HO in an excisional model of normal and diabetes-impaired wound repair in mice. Materials and Methods: Expression of HO-1 during cutaneous healing was analyzed by RNase protection assay, Western blot, and immunohistochemical techniques in a murine model of excisional repair. Furthermore, we determined HO-1-dependent release of proinflammatory cytokines from RAW 264.7 macrophages by enzyme-linked immunosorbent assay (ELISA). Results: Upon injury, we observed a rapid and strong increase in HO-1 mRNA and protein levels at the wound site. By contrast to normal repair, late stages of diabetesimpaired repair were associated with elevated HO-1 expression. Besides a few keratinocytes of the hyperpro-
Introduction
Cutaneous wound healing represents a special situation to the body, as an injury of body surfaces more or less interferes with normal skin integrity that usually provides protection against different environmental conditions. Thus, a highly controlled mechanism of tissue repair has evolved that rapidly covers the area of injury and finally leads to formation of new skin tissue. Skin repair comprises tissue movements such as hemostasis, inflammation, granulation tissue formation, and re-epithelialization. These phases of tissue repair are well known to overlap in a temporal and spatial manner (1) . However, the inflammatory phase of repair, initiated a few hours after injury by infiltration of immune cells from the vasculature, is of central importance for wound closure. If the wound site remains mainly uncontaminated, the initial neutrophil-dominated inflammatory phase rapidly proceeds toward macrophage-driven wound inflammation (1, 2) . As demonstrated in a classical experimental setup by Leibovich and Ross (3) , the wound macrophage crucially contributes to tissue repair, as depletion of monocytic phagocytes from the wound site resulted in a dramatic impairment of the wound healing process. The macrophage is now well established as an important source of growth factors and cytokines triggering fibroblast and endothelial cell proliferation (1, 4) . Accordingly, macrophage action during repair combines both inflammation and granulation tissue formation by interconnecting both processes into an indistinguishable unit.
Nevertheless, inflammation has to be tightly controlled, because a prolonged or excessive inflammatory phase results in tissue injury or tissue damage. Recent studies have evidenced a participation of heme oxygenase (HO) in progression and resolution of inflammation associated with several pathologic conditions (5) . Three HO isoforms (HO-1 to -3) have been identified so far (6) ; HO-1 represents the inducible enzyme (7) . The major physiologic function of HO is the catalytic degradation of heme into biliverdin, carbon monoxide (CO), and free ferreous iron (Fe 2ϩ ) (8) . Heme is released from numerous hemoproteins upon tissue injury and HO action is discussed to confer protective capacities, as the released heme moiety promotes free radical formation and lipid peroxidation that finally leads to tissue damage (9) (10) (11) . In addition to heme (12) , accordingly, expression of the inducible HO-1 isoform is reported to be mediated by stress conditions such as heat shock (13) , hyperoxia (14) , hypoxia (15) , endotoxin (16) , inflammatory cytokines (17) , and prostaglandins (18) . Additionally, the inflammatory mediator nitric oxide (NO) has been recognized as one of the most potent inducers of HO-1 gene expression for various cell types in vitro (19) (20) (21) (22) (23) as well as for different tissues in vivo (24) (25) (26) .
NO has been identified as a central signaling molecule during the inflammatory phase of cutaneous wound repair. Notably, a tightly regulated, continuous release of NO derived from inducible NO synthase (iNOS) enzymatic activity during wound inflammation represents a crucial prerequisite for normal angiogenic and re-epithelialization processes; production of vascular endothelial growth factor (VEGF) (27) and chemokines (28, 29) as well as the proliferation of wound margin keratinocytes (30) were strongly dependent on the availability of NO at the wound site.
To improve our understanding of wound inflammatory processes, especially in the context of a potential cross-talk between NO and HO expression, we investigated expressional regulation of the inducible HO-1 isoform during normal and impaired wound repair. Interestingly, only woundmacrophages strongly expressed HO-1 during healing. Notably, HO-1 expression in these macrophages was most likely independent of a regulatory control of NO at the wound site. Finally, we provide evidence that HO-1 enzymatic activity might be implicated in the regulation of cytokine release from macrophages during the inflammatory phase of repair.
Materials and Methods

Inhibitor Treatment of Mice
Balb/c mice (Charles River, Sulzfeld, Germany) and C57BL/6J-ob/ob mice (Jackson Laboratory, Bar Harbor, ME, USA) were wounded as described below. During the wound healing period, female BALB/c mice (3 months old) were injected intraperitoneally twice a day at 7 AM and 7 PM with 2.5 mg L-N 6 -(1-iminoethyl)lysine (L-NIL) in 0.5 ml phosphatebuffered saline (PBS) per injection for 5 days. L-NIL represents a highly selective inhibitor of iNOS enzymatic activity (31) . At this concentration, L-NIL almost completely blocked the in vivo enzymatic activity of iNOS in lymph nodes and peripheral skin lesions of Leishmania-infected mice. This inhibition of iNOS has been shown to be potent and presumably irreversible in vivo, and is not associated with weight loss and reduced water and food consumption of the treated animals (32, 33) . Control mice were injected with PBS. L-NIL was from Alexis Corporation (Grünberg, Germany).
Wounding and Preparation of Wound Tissues
To examine gene expression during the wound healing process, six full-thickness wounds were created on each animal, and skin biopsy specimens from four animals were obtained 1, 3, 5, 7, and 13 days after injury. To investigate the effect of L-NIL on gene expression, wounds from four L-NIL-treated mice and four PBS-treated mice were obtained 1, 3 and 5 days after injury. Mice were anesthetized with a single intraperitoneal injection of Ketamin (80 mg/kg body weight)/Xylazin (10 mg/kg body weight). The hair on the back of these mice were cut, and the back was subsequently wiped with 70% ethanol. Six full-thickness wounds (5 mm diameter, 3-4 mm apart) were made on the backs of these mice by excising the skin and the underlying panniculus carnosus. The wounds were allowed to dry to form a scab. An area 7-8 mm in diameter, which included the scab and the complete epithelial margins, was excised at each time point. As a control, a similar amount of skin was taken from the backs of four nonwounded mice. For every experimental time point, four wounds each from four animals (n ϭ 16 wounds) and the nonwounded back skin from four animals were combined, frozen immediately in liquid nitrogen, and stored at Ϫ80ЊC until used for RNA isolation. All animal experiments were carried out according to the guidelines and with the permission from the local government of Hessen.
Immunohistochemistry
Mice were wounded as described. Animals were killed on day 5 after injury. Complete wounds were isolated from the middle of the back, bisected, and frozen in tissue freezing medium. Six-micrometer frozen serial sections were fixed with acetone and treated for 10 min at room temperature with 1% H 2 O 2 in PBS to inactivate endogenous peroxidases. Directly neighbored serial sections were subsequently incubated for 60 min at room temperature with a polyclonal anti-serum raised against a polypeptide sequence of human HO-1 (StressGen Biotechnologies, Victoria, Canada) or a monoclonal anti-serum raised against murine F4/80 antigen (Serotec, Eching, Germany) (1:50 diluted in PBS, 0.1% bovine serum albumin [BSA] ). Both primary antibodies were detected using a biotinylated secondary antibody. The slides were subsequently stained with the avidin-biotin-peroxidase complex system from Santa Cruz (Heidelberg, Germany) using 3-3 diaminobenzidine-tetra-hydrochloride as a chromogenic substrate. After development, slides were rinsed with water, counterstained with hematoxylin, and mounted.
Preparation of Wound Lysates
Biopsies of normal back skin and wounds (n ϭ 8 wounds) were taken and frozen immediately in liquid nitrogen. Total skin samples were homogenized in 2ϫ homogenizing buffer (1ϫ homogenizing buffer: 20 mM Tris/HCl, pH 8.0, 137 mM NaCl, 10% glycerol, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 15 g/ml leupeptin). The tissue extract was cleared by centrifugation and the supernatant diluted 1:1 with water. The amount of protein in the cytoplasmic fractions of the lysates was determined using the Bio-Rad protein assay (Bradford method).
Preparation of Cell Culture Lysates and Western Blot Analysis
RAW 264.7 macrophages from the cell culture experiments were homogenized in lysis buffer (1% Triton X-100, 20 mM Tris/HCl, pH 8.0, 137 mM NaCl, 10% glycerol, 5 mM ethylendiamine tetraacetic acid, 1mM phenylmethylsulfonyl fluoride, 1% aprotinin, 15 g/ml leupeptin). The tissue extract was cleared by centrifugation. Fifty micrograms of total protein from skin and cellular lysates was separated using sodium dodecyl sulfate gel electrophoresis. After transfer to a PVDF membrane, HO-1 protein was detected using the same HO-1 specific polyclonal antibody as described in Immunohistochemistry. A secondary antibody coupled to horseradish peroxidase and the ECL detection system were used to visualize HO-1 protein.
Phenylmethylsulfonyl fluoride, aprotinin, and leupeptin were from Sigma, and the ECL detection system was obtained from Amersham (Freiburg, Germany).
Enzyme-Linked Immunosorbent Assay
Ten milliliters of macrophage (RAW 264.7)-conditioned cell culture supernatants from the individual experimental time points were pooled and cleared by centrifugation. One hundred microliters of the cell culture supernatants, or total protein (50 g diluted in 1ϫ homogenizing buffer to a final volume of 50 l) from 13-day wounds isolated from control (Balb/c) or diabetic (ob/ob) mice were subsequently analyzed for the presence of immunoreactive tumor necrosis factor-␣ (TNF-␣), or interleukin-1␤ (IL-1␤) protein by ELISA using the Quantikine murine TNF-␣ or IL-␤ kit (R&D Systems, Wiesbaden, Germany) as described by the manufacturer.
GSNO Synthesis
GSNO was synthesized as described previously (37) .
Nitrite Determination
Nitrite, a stable NO oxidation product, was determined using the Griess reaction. Cell-free culture supernatants were collected (200 l), adjusted to
Cell Culture
Murine RAW 264.7 macrophages were cultured in RPMI 1640 supplemented with 10% endotoxinfree fetal calf serum (FCS). For the induction experiments, 1 ϫ 10 7 cells were seeded and grown for 16 hr to adhere the cells. Subsequently, fresh medium containing 10 g/ml bacterial lipopolysaccharide (LPS, Escherischia coli serotype 0127:B8), 100 U/ml interferon-␥ (IFN-␥), 2 mM N G -monomethyl-l-arginine (L-NMMA), 500 M S-nitroso-glutathione (GSNO), 350 M spermine-NONOate (SpNO), or 50 M tin protoporphyrin IX (SnPPIX) was added to the cells for different time periods. For the HO-1 inhibition experiments using SnPPIX, cells were stimulated for 8 hr, and subsequently medium was replaced by fresh medium containing the same reagents. After an additional 2 hr, medium was harvested. This was done to enable the cells to produce NO that was shown to be crucial for HO-1 induction. Aliquots of cells and cell culture supernatants were harvested before and at different time points after treatment with these agents and used for RNA and protein isolation, or enzyme-linked immunosorbent assays (ELISA). Each experiment was done in triplicate. FCS and RPMI were purchased from Life Technologies, Inc. (Eggenstein, Germany), L-NMMA and SnPPIX were from Alexis Inc., LPS was from Sigma Biochemicals (Deisenhofen, Germany), and IFN-␥ from Roche Biochemicals (Mannheim, Germany).
RNA Isolation and RNase Protection Analysis
RNA isolation was performed as described (34) . Twenty micrograms of total RNA from wounded or nonwounded skin were used for RNase protection assays. Every experimental time point represents 16 wounds from four different animals that have been pooled for RNA isolation. RNase protection assays were carried out as described previously (27) . Briefly, DNA probes were cloned into the transcription vector Bluescript II KS (ϩ) (Stratagene, Heidelberg, Germany) and linearized. An antisense transcript was synthesized in vitro using T3 or T7 RNA polymerase and [␣-
32 P]UTP (800 Ci/mmol). RNA samples were hybridized at 42ЊC overnight with 100,000 cpm of the labeled antisense transcript. Hybrids were digested with RNases A and T1 for 1 hr at 30ЊC. Under these conditions, every single mismatch is recognized by the RNases. Protected fragments were separated on 5% acrylamide/8M urea gels and analyzed using a PhosphoImager (Fuji, Straubenhardt, Germany). All protection assays were carried out with at least three different sets of RNA from independent wound healing or cell culture experiments. A 240-bp fragment corresponding to nucleotides 544-784 of the murine HO-1 cDNA (35) and a 180-bp fragment corresponding to nucleotides 577-757 of the murine HO-2 cDNA (36) were used as templates. RNases A and T1 were from Roche Biochemicals. 
Statistical Analysis
Data are shown as mean Ϯ SD. The data are presented as percent induction compared with the unstimulated control (100%). Data were analyzed by unpaired Student t test on raw data using Sigma Plot (Jandel Scientific, Erkrath, Germany).
Results
Wound Repair Is Characterized by a Strong Increase in HO-1 Expression Levels
Because expression of HO-1 is discussed as contributing to inflammatory processes associated with different pathologic conditions (5), we postulated a potential presence of HO-1 also during the inflammatory phase of skin regeneration. To this end, we determined expression of HO-1 at the mRNA and protein level during skin repair. As shown in Figure 1 , nonwounded skin was characterized by a low level mRNA expression of HO-1, whereas HO-1-specific protein was only hardly detectable using Western blot analysis ("ctrl skin"). More importantly, we observed a strong induction of HO-1 expression upon injury. Elevated levels of HO-1 mRNA and protein were observed to be transient, and could be detected from a few hours after injury (Fig. 1B ) until day 7 postwounding (Fig. 1A) . Thus, the time frame of HO-1 expression was clearly restricted to the inflammatory phase of tissue repair. It is noteworthy that induction of HO-1 at the mRNA level could be observed as early as 5 hr after wounding, followed by detectable HO-1 protein after 16 hr (Fig. 1B) .
As a next step, we determined expression levels of the HO-2 isoform, which is well known to be constitutively expressed (7) . Interestingly, we found HO-2 to be expressed in nonwounded skin (Fig. 2) . Not unexpectedly, HO-2 mRNA expression was not altered upon injury and expression levels remained constant during the complete process of repair.
HO-1 Expression During Repair Is Predominantly Restricted to Macrophages Located at the Wound Site
As a next step, we determined the cellular sources of HO-1 expression at the wound site. Interestingly, the expression kinetics of HO-1 at the mRNA and also protein level clearly resembled the kinetics of monocyte/macrophage infiltration into the wound site (4, 29, 38) . For this reason, we speculated that HO-1 expression might be related, at least partially, to the process of monocyte immigration into the wound bed. To assess this question, we performed an immunohistochemistry analysis from full-section excisional wounds that had been isolated 5 days postwounding. We have chosen to investigate HO-1 expression at the 5-day experimental time point because HO-1 expression was strongly induced during this phase of the healing process (Fig. 1A) . As shown in Figures 3A, 3C , and 3F, strong HO-1 immunopositive signals were nearly completely restricted to infiltrating macrophages, which were located deep in the developing granulation tissue. Identity of HO-1-expressing cells within the granulation tissue as macrophages was confirmed using an additional immunohistologic analysis against the F4/80 antigen (Figs. 3B and 3D ), which represents a 160-kDa protein specific for murine macrophages (39) . Thus, the immunohistochemistry data provide an explanation for the abovementioned expression kinetics of HO-1 (Fig. 1A) . Interestingly, we found a few keratinocytes of the wound margin hyperproliferative epithelia to express 
NO Is a Potent Inducer of HO-1 in the Murine RAW 264.7 Macrophage Cell Line in Vitro
Because we determined that wound macrophages were the predominant and major cellular source of HO-1 at the wound site, we subsequently assessed potential regulators of HO-1 expression using the murine RAW 264.7 macrophage cell line in vitro. We investigated the potency of the pro-inflammatory cytokines TNF-␣ and IL-1␤ to induce HO-1 expression in the cells. However, both cytokines were not capable of inducing HO-1 in RAW 264.7 cells (data not shown). Thus, because NO has been reported to represent a potent mediator of HO-1 expression (19), we treated the cells using different NO-donating agents. As shown in Figure 4A , exogenously added NO donors (500 M GSNO, 350 M SpNO) strongly and rapidly induced HO-1 protein expression. According to these results, we investigated the potency of endogenously produced NO to influence HO-1 expression in the cells. To this end, we treated the cells using LPS (10 g/ml) and IFN-␥ (100 U/ml), as these conditions are well described as inducing iNOS in RAW 264.7 cells (40) . Indeed, Figure 4B shows that HO-1 protein (Fig. 3E ). These HO-1-expressing keratinocytes were located within the hyperproliferative epithelia of the wound margins that form the epithelial tongues covering the wound. HO-1 (A, C, E, F) , or a monoclonal antibody directed against the murine macrophage-specific F4/80 antigen (B, D). Note that A and B, or C and D represent directly neighbored serial sections. All sections were stained with the avidin-biotin-peroxidase complex system using 3-3 diaminobenzidine-tetra-hydrochloride as a chromogenic substrate. Nuclei were counterstained with hematoxylin. Strongly immunopositive signals within the sections are indicated with arrows. Scale bars are 200 m for A and B, 100 m for C, D, E, and 50 m for F. G, granulation tissue; HE, hyperproliferative epithelium; HF, hair follicle; M, muscle; S, scab. macrophages clearly responded to an LPS/IFN-␥ stimulus; we could assess a strong accumulation of nitrite in the cell culture supernatants, that could be nearly completely attenuated by the NOS-inibitor N G -monomethyl-l-arginine (L-NMMA, 2 mM). Induction of endogenous NO production by LPS/IFN-␥ was clearly associated with a strong increase in HO-1 mRNA and protein expression in the macrophages. More importantly, LPS/IFN-␥-induced HO-1 was nearly completely dependent on the availability of endogenously produced NO because the presence of L-NMMA suppressed HO-1 protein expression to control levels (Fig. 4C) . In summary, these in vitro experiments further strengthen the important role of NO for HO-1 expressional regulation.
NO Does Not Modulate HO-1 Expression During Skin Repair in Vivo
Recently, we reported the presence of iNOS during the inflammatory phase of skin repair (41) . Moreover, we have established an animal model characterized by the specific inhibition of iNOS enzymatic activity at the wound site. Inhibition of iNOS during repair resulted in severely impaired epithelial regeneration processes (27, 30) , but, most important for this study, infiltration of macrophages was clearly not impaired after L-NIL treatment of the mice (29) . To assess the role of NO as an inductor of HO-1 in vivo, we used this NO-deficient animal model (27, 30) to determine HO-1 expression in the presence or absence of wound-derived NO production. It was surprising to us and, moreover, also in clear contrast to our in vitro findings (Fig. 4) , that we could not observe any differences in HO-1 mRNA expression in normal compared to NO-deficient healing (Fig. 5) . Thus, the role of NO as a potent mediator of HO-1 induction, obviously, has to be interpreted more carefully in the context of inflammatory conditions, which are associated with a "physiologic" process such as tissue regeneration.
Induction of HO-1 Contributes to the Synthesis of Pro-Inflammatory Cytokines in RAW 264.7 Macrophages in Vitro
Finally, we intended to reveal a possible function of macrophage-derived HO-1 for the wound healing process. Because HO-1 expression is associated with the inflammatory phase of repair, and, moreover, nearly completely restricted to wound macrophages, diabetic ob/ob mice was characterized by a strong increase in HO-1 protein present at the wound site. By contrast to normal healing conditions, which were represented by a marked and clear down-regulation of HO-1 protein at late stages of repair (see Fig. 1A , day 13), it is important to note that elevated levels of HO-1 protein were strongly associated with impaired skin repair at a late time point of healing in ob/ob mice (Fig. 7A, day 13) . Thus, the observation of marked differences in HO-1 protein expression at the wound site during late repair in healthy (Balb/c) and diabetic (ob/ob) mice provides access to investigating a possible association between the presence of HO-1 and expression of pro-inflammatory cytokines at the wound site. Interestingly, we observed a strong expression of TNF-␣ and IL-1␤ at day 13 postwounding in ob/ob mice (Fig. 7B) , which represents the experimental time point that was indeed characterized by elevated levels of HO-1 (Fig. 7A) . However, although the observed dysregulation for both HO-1 and cytokine expression during delayed repair does not provide a final functional evidence, these data demonstrate a possible correlation between these systems as suggested by our in vitro experiments.
Discussion
Inflammation is a physiologic response of the skin to cope with tissue damage that is associated with injury.
we hypothesized that HO-1 might contribute to macrophage-derived cytokine production. This might be true, because macrophages are well established as representing a major source of cytokines during repair. Additionally, previous reports have provided evidence for HO-1 in the control of cytokine release from monocytic cells (42, 43) . To assess this possibility, we stimulated RAW 264.7 macrophages using LPS/IFN-␥ to induce HO-1 expression (see Figs. 4B and 4C) in the presence or absence of the HO-1 inhibitor SnPPIX. We observed a marked (about 60%) reduction of TNF-␣ release from LPS/IFN-␥-activated RAW 264.7 macrophages that was paralleled by HO-1 enzymatic inhibition (Fig. 6A ). Interestingly and contrasting the situation observed for TNF-␣, the same HO-1 inhibitory conditions led to a strong increase in IL-1␤ protein released into the cell culture supernatants (Fig. 6B) . Most remarkably, a LPS/ IFN-␥-induced HO-1 most likely mediated a complete suppression of IL-1␤ release; inhibition of LPS/ IFN-␥-induced HO-1 activity by SnPPIX resulted in a strong release of IL-1␤ from the cells (Fig 6B) .
Dysregulation of HO-1 Expression During Impaired Wound Repair Is Associated With Elevated Levels of Pro-Inflammatory Cytokines
Finally, because our in vitro experiments using the macrophage cell line RAW 264.7 suggested a contribution of HO-1 enzymatic activity to the release of pro-inflammatory cytokines from the cells, we assessed a possible participation of this mechanism also for the in vivo situation during skin repair. To this end, we investigated a situation of severely impaired wound healing conditions which is well described for the genetically diabetic ob/ob mouse (44, 45) . First, we determined HO-1 expression at the protein level during the impaired healing process in these animals. As shown in Figure 7A , skin repair in Inflammation is Janus -faced; it enables and crucially drives tissue repair by stimulation of resident cells to migrate and proliferate into the wound bed, but also severely disturbs wound healing processes when inflammation is prolonged (38) . Thus, inflammation has to be tightly controlled to initiate a normal restoration of cutaneous tissue. Expression of HO has long been known to participate in inflammatory conditions. Interestingly, early in vivo studies in rats reported a protective function for HO, because circulating hemoproteins resulted in kidney damage that is markedly reduced after hemoglobin-induced HO-1 and ferritin expression (46) . Because the heme moiety that is released from numerous hemoproteins under conditions of tissue damage promotes free radical formation and lipid peroxidation (9-11) and, thus, further contributes to cellular injury, detoxification of heme by catalytic degradation has to be regarded as one major function of HO enzymatic activity. Accordingly, expression of HO-1, which represents the inducible HO isoform (7), can be activated by stimuli that are associated with inflammation such as proinflammatory cytokines (17) , oxidative stress (47), or NO (19) . In line, induction of the HO-1 promoter has been shown for NFB, AP-1 and AP-2, three transcription factors that are activated by free radicals (48) . Because the abovementioned stimuli represent major contributors to a "physiologic" inflammatory situation that is coupled with normal tissue regeneration processes, it was tempting to speculate that HO, especially the HO-1 isoform, might be involved in skin repair. Indeed, tissue repair was characterized by a rapid increase in HO-1 mRNA and protein levels. Nevertheless, our data provide evidence that the observed increase in HO-1 protein at the wound site is not a result of a de novo expression from the HO-1 gene in resident cells located at the wound margins or in the wound bed. Immunohistochemistry clearly revealed infiltrating monocytic phagocytes as the predominant and major cellular source of HO-1 protein. This observation is in line with previous reports that have shown a restricted expression of HO-1 in astrocytes and macrophages in a stab injury model of the brain cortex and, additionally, in a traumatized brain model in rats (49, 50) . Furthermore, our immunohistochemistry data suggest that HO-1 protein is transferred into the wound by immigrating monocytes. This observation is further strengthened by two recent reports from our laboratory (29, 38) , where we could demonstrate macrophage infiltration kinetics (as assessed by the macrophage-specific marker proteins F4/80 and lysozyme M) that are not distinguishable from HO-1 mRNA and protein levels (Fig. 1) . Nevertheless, the infiltration of monocytes fails to explain the rapid expressional induction of HO-1 at the mRNA level within hours after injury. Because heme represents a potent inducer of HO-1 expression (12) and, furthermore, heme is released in large amounts during hemorrhage, it has to be discussed that heme participates, at least partially, in HO-1 gene expression in resident cells very early after wounding. Notably, polymorphonuclear neutrophils arrive within hours at the wound site (51) . Because polymorphonuclear neutrophils have been reported to express HO-1 in a model of acute inflammation in the rat (52) , these immune cells might represent an additional cellular source of early HO-1 induction.
It is well established that NO potently drives expression of the inducible HO-1 isoform. This phenomenon seems to represent a common principle; NO-dependent expression of HO-1 has been demonstrated from various cell types and tissues such as fibroblasts (20) , mesangial cells (22, 53) , vascular smooth muscle cells (19), brain, spleen (25) , solid tumors (24) , and xenografts (26) . Thus, induction of HO-1 in the murine RAW 264.7 macrophage cell line by exogenously added and also by endogenously produced NO further supports these reports. Moreover, NO-induced HO-1 expression has been shown for primary liver macrophages (21). Because we had identified wound macrophages as the predominant source of HO-1 during repair, and HO-1 expression being under regulatory control of NO in macrophages in vitro (21, this study), we hypothesized that inhibition of iNOS enzymatic activity during the inflammatory phase of healing might influence HO-1 expression in wound macrophages. Previous studies from our laboratory have shown that inhibition of iNOS enzymatic activity by the specific iNOS inhibitor L-NIL abolished wound nitrite production (27, 30) , and more importantly, severely interfered with epithelial repair processes such as production of the highly angiogenic VEGF (27) , keratinocyte proliferation (30), or chemokine release (28, 29) . Moreover, despite impaired epithelial repair (30), we have observed unaltered macrophage cell numbers at the wound site after inhibition of iNOS activity (29) . Thus, alterations of HO-1 expression levels after inhibitor treatment of mice would reflect the potency of NO to regulate HO-1 expression in this in vivo situation rather than a reduction of immune cell numbers. Unexpectedly, HO-1 levels remained unaltered. This observation suggests that, although NO is well established as an inducer of HO-1 expression, this is not the case for the in vivo situation of cutaneous wound repair, for as yet unknown reasons. This observation implies that expression of HO-1 is already determined, at least, when extravasation of monocytes starts. In addition, the effect of NO on HO-1 expression might be surpassed in the cells by more potent mediators that are present at the wound site.
Immunohistochemistry and also Western blot analyses revealed a strong presence of HO-1 protein at the wound site. Thus, it is reasonable to propose the products of HO catalytic activity to be present in the developing granulation tissue: biliverdin, carbon monoxide (CO), and free ferrous iron (Fe 2ϩ ), which might participate in tissue inflammation. A recent wound healing (in this study). NO-deficient healing is well described to run into an impaired repair process (30, 62) that is definitely not associated with elevated expression levels of the pro-inflammatory cytokines TNF-␣ and IL-1␤ (28) . Second, impaired repair coupled with a diabetic phenotype indeed resulted in elevated HO-1 expression (this study) that was clearly associated with a dysregulated TNF-␣ and IL-1␤ expression. Obviously, it is tempting to argue that elevated levels of pro-inflammatory cytokines are not a common outcome of impaired repair in general, but must be coupled to distinct processes involved during formation of a nonhealing wound. Accordingly, such a process could be discussed to be represented by the presence of HO-1 during tissue regeneration.
In summary, we have shown that HO-1 is present during cutaneous healing, and is predominantly restricted to macrophages. In vitro studies indicated a potent regulatory role for NO in macrophagederived HO-1 expression. However, this in vitro observation was in contrast to the in vivo situation of cutaneous tissue regeneration; NO failed to alter HO-1 levels at the wound site. Finally, our data suggest that HO-1 might function to control macrophagederived cytokine production in the developing granulation tissue. study clearly indicated that HO-1 expression has to be under a close regulatory control to enable its protective properties against cellular injury during inflammatory conditions. Fibroblasts were protected against hyperoxia by a low level expression of HO-1, whereas high levels of HO-1 further contributed to cell injury by release of reactive iron (54) . Fe 2ϩ represents a powerful oxidant facilitating radical formation (55), but, by contrast, the same Fe 2ϩ ion is capable of inducing ferritin, a protein that serves cytoprotective functions by sequestering iron (56) .
CO, as a gaseous messenger similar to NO, activates guanylate cyclase and interferes with signal transduction and gene expression processes (47, (57) (58) (59) . Wound-derived NO drives a highly mitogenic response in wound margin keratinocytes (30) that is associated with an altered gene expression during repair (27) (28) (29) . Therefore, wound keratinocytes might also be considered to be sensitive to woundderived CO. Accordingly, NO-induced HO-1 expression and activity finally led to an marked increase in keratinocyte proliferation in vitro, which was completely abolished by simultaneous treatment of the cells using the HO-1 inhibitor SnPPIX (23) .
Finally, recent studies suggested an additional role for HO-1-derived CO in the synthesis of proinflammatory cytokines in macrophages. However, data obtained from primary macrophages and the macrophage cell line RAW 264.7 are partially contradictory. Whereas TNF-␣ release from re-oxygenated primary rat peritoneal macrophages was nullified by inhibition of HO-1 (42), Otterbein et al. (43) reported a strong attenuation of TNF-␣ production in HO-1 transfected or CO-treated RAW 264.7 macrophages. These differences may be due to cell-type specificities or the different stimuli used to activate the cells. Our data confirmed a contribution of HO-1 enzymatic activity in macrophage-derived cytokine release in RAW 264.7 cells. At this point, it has to be mentioned that SnPPIX has been reported to partially inhibit heme-dependent proteins not related to HO such as guanylate cyclase or NOS (60) . By contrast, recent data implied that SnPPIX becomes a more competitive inhibitor when HO-1 levels are significantly increased (61) . In line, HO-1 was strongly increased in RAW 264.7 cells during our experimental conditions. Moreover, the attenuation of TNF-␣ release, which was contrasted by the simultaneous increase in IL-1␤ production in the same cells, provides strong evidence that the observed alterations in cytokine release were not a result of a general interference of SnPPIX with cytokine-releasing pathways in macrophages. However, and in line with data presented in this study, it becomes obvious that HO-1 activity might be implicated in regulation of inflammatory processes by interference with cytokine-releasing mechanisms.
Nevertheless, such a hypothesis might be further strengthened by two additional observations. First, HO-1 expression was not altered in NO-deficient
